The purpose of the experiments described in this article was to ascertain the conditions under which monocytes could be cultivated in a fluid medium. The plasma coagulum that is customarily used in the Carrel technique 1 for the cultivation of these cells seriously interferes with quantitative measurements of their metabolism. For such studies, it would be of great advantage to replace it with a liquid. That monocytes can live for a time in fluid has been shown by the work of Lewis and Lewis, ~ and also that of de Haan. a In the experiments of Lewis and Lewis, 2 the monocytes lived in hanging drops of liquefied plasma for 2 to 4 weeks, feeding partly, at least, on the other cells of the blood. In de Haan's experiments, 3 they were cultivated for 2 to 3 weeks in a slowly flowing stream of peritoneal exudate. De Haan 3 has already made some measurements of their metabolism under these conditions. The fact that his technique requires very large volumes of fluid limits its usefulness to a certain extent. Moreover, peritoneal exudate does not contain all the ingredients necessary for the prolonged cultivation of monocytes. De Haan a supplemented its nutritive properties by the addition of polymorphonuclear leucocytes from time to time. In the experiments described in this article, an effort was made to find a means whereby monocytes could be cultivated 1
for a longer time in a small volume of fluid without using other cells as food.
Plan of the Experiments
The experiments of Carrel and Ebeling I have indicated that monocytes cultivated in coagulated plasma feed upon the serum rather than the fibrin. Yet, up to the present, all attempts to grow them in serum without a fibrin substratum have failed. It seemed probable that this was due to the fact that in a coagulum acid, and perhaps other metabolites, accumulate around the cell colony, thus creating the conditions necessary for its survival, while in the absence of a coagulum, the products of metabolism are quickly removed from the vicinity of the cells.
As early as 1913, Rous 4 showed by adding litmus to the medium that sarcoma and embryonic tissue embedded in coagulated plasma gave rise to enough acid within a few hours to turn blue litmus red in the immediate vicinity of the tissue. This has since been found to be true of monocytes. When measured with the glass electrode of MacInnes and Dole, 5 it was found that the pH of the medium immediately surrounding a piece of chick embryo spleen dropped in half an hour from 8.0 to 7.2. In 24 hours, it fell to 6.8, and in several days to 6.2. 6 Aside from this acid production, very little is definitely known about the changes in the medium surrounding a colony of monocytes.
The problem was approached, therefore, by ascertaining first the pH at which chicken monocytes would survive longest in serum. For this, homologous serum at 25 per cent concentration in Tyrode solution was used and adjusted by means of lactic acid to pH values ranging from 6.0 to 7.8. Then, a comparison was made of the relative value of using lactic acid, hydrochloric acid, and carbon dioxide for regulating the acidity. Finally, serum at the optimum pH value was modified by the addition of a variety of substances in an attempt to find a medium in which the monocytes would live, and to reproduce, if possible, the conditions that exist around a colony of monocytes embedded in plasma. Glutathione was used because of its reducing action, and its r61e in cell respiration. ~ Proteins hydrolyzed to varying degrees by enzymes were tried, because it is known that monocytes will digest particles of protein which they have ingested, 8 and also because hydrolyzed proteins have been found to increase enormously the proliferation rate of monocytes 9 when incorporated in their medium. Particles of denatured protein, coagulated egg white, and dead muscle, which monocytes feed upon, s were also used. Various combinations of nucleic acid, hemoglobin, glutathione, and amino acids or digested proteins were tried, since they have been found beneficial in the building up of a synthetic medium for fibroblasts. 1°
Technique
For these experiments, the following technique was used. A tiny fragment of chick embryo spleen or of blood leucocytic film was fastened to the bottom of a Carrel D-3 flask by means of a drop of 25 per cent plasma. The plasma was spread over about 2 sq. cm. of the surface of the flask, and coagulated with a trace of tissue juice. 1.5 cc. of experimental fluid was then added. This procedure allowed the cells to form a colony instead of scattering throughout the whole medium, and made it possible to measure their rate of migration for several days. At the same time, this small coagulum was so very thin that ~he composition of the medium within it could not differ appreciably from that of the fluid as a whole. After a few days, the original fragment was extirpated from the clot. Later, when quite a number of cells had migrated onto the glass, or had been deposited there from the fluid, the tiny clot and the cells it contained were also removed. In this way, any possible effects of the original tissue and of the coagulum were eliminated. From this time on, the entire medium was liquid.
The changes in hydrogen ion concentration of the medium were followed in each culture day by day. In some experiments, this was done by removing a drop of the medium and testing it on a drop plate with indicators. In other experiments, phenol red at a concentration of 0.005 per cent was incorporated in the medium, and comparison made with standard flasks containing the same amount of phenol red in buffers at known pH values.
Adjustment of the pH of the medium with lactic or hydrochloric acids was made just before adding the fluid to the culture. With CO2, it was accomplished by replacing the air of the culture flask with a gas mixture containing 21 per cent oxygen, sufficient carbon dioxide to give the desired pH value, and nitrogen. This method has been used now for some time to adjust the pH of cultures made with coagulated plasma. With the fluid cultures, the gas was introduced immediately, and contained a higher percentage of carbon dioxide in order to lower the pH value to a greater degree. The concentration of carbon dioxide necessary was determined, of course, by the concentration of serum and other buffering substances in the medium, as well as by the pH desired.
EXPERIMENTAL RESULTS

Effect of the Hydrogen Ion
Concentration.--It was found that the monocytes proliferated most rapidly when the initial pH of the medium was 7.2 to 7.4. As long as the pH was not allowed to fall below 7.0 or 6.8, the cells remained clear, active, free from dark granulations, and showed no tendency to degenerate (Fig. 1 ). They remained in excellent condition, even after the original tissue and the small coagulum had been removed from the flask.
Effect of Different Acids.--Equally good results were obtained with all three acids (lactic, hydrochloric, and carbon dioxide), both in respect to the rate of proliferation and the condition of the cells. Adjustment with carbon dioxide was adopted as the routine procedure, however, since it does not destroy the buffer action of the medium, as the other acids do, and is also more convenient to use.
Effect of the Concentration of Serum.--Increasing the concentration
of serum in the medium caused an increase in the rate of proliferation of the monocytes. In some sera, this continued up to 100 per cent concentration. Other sera, however, appeared to be toxic at concentrations above 50 per cent. In 25 per cent serum, multiplication was slow, but the cells remained active and relatively clear, with small cytoplasmic structures. In 50 per cent serum, the monocytes proliferated more rapidly. They also became larger and contained more and larger granules and fat globules. In very high concentrations of serum, they ultimately deteriorated.
Effect of Added Metabolites or Nutrients.--None of the metabolites
or nutritive materials added to the serum improved its value as a culture medium for the monocytes. Glutathione, nucleic acid, hemoglobin, and sodium lactate had no beneficial action at the concentrations tried in these experiments. Particles of egg yolk, denatured albumin, and heated muscle were ingested by the cells, as is usual in a coagulum, 6 but the cells became large, round, dark, and granular, and appeared inert. The products of tryptic digestion of protein increased the rate of proliferation of the monocytes, as they do in plasma, 9 but were not necessary to their life. The cells became more fatty, and larger numbers of them died when the digestion products were added to the medium. On the other hand, serum alone appeared to be entirely adequate for the nutrition of the monocytes.
Description of Colonies Cultivated for 2 Months in Serum
Several colonies of monocytes, both from blood and from spleen, have been cultivated now for over 2 months in 25 per cent and also in 50 per cent serum (Fig. 2) . They are still as active as at the beginning of the experiment and give every evidence from their appearance that life and proliferation will continue indefinitely, if the same conditions of cultivation are maintained. Throughout this time, the medium was adjusted to an initial pH of 7.4. A gas mixture containing 3 per cent CO~ was used with 25 per cent serum, and one containing 5 per cent CO, with 50 per cent serum. New medium was given when the pH had fallen to 7.0 or 6.8. In those colonies in which the pH was allowed to fall below this value without renewing the medium, the cells became larger and more granular (Fig. 3) . They also accumulated large refractile globules and showed a tendency to adhere to each other. They did not die even when the pH fell to 6.4 or somewhat below. At first, when only a small number of cells was present, renewal of the medium once in 4 days was sufficient. Later, new serum was supplied every 24 hours. After a time, so many cells accumulated in the flask that a portion of them had to be removed to prevent the pH from falling below the desired value.
Most of the cells adhered firmly to the glass surface of the flask. Those that did come loose were deposited on the glass at a distance from the colony and started a new colony. The lymphocytes and polymorphonuclear leucocytes that were present at the beginning soon disappeared, as they do in coagulated plasma. The fibroblasts from the spleen grew out less rapidly than the wandering ceils and were removed when the original fragment and tiny coagulum were extirpated. Therefore, a pure strain of monocytes was obtained. Instead of scattering and migrating away from each other, as they do in coagulated plasma, the monocytes, both in the tiny clot and on the glass, remained in close proximity. As multiplication proceeded, they spread out in a monocellular layer, covering the entire surface of the flask and almost touching each other. The appearance (Figs.  1 and 2 ) of the individual cells was entirely like that already described by Lewis and Lewis 2 in their studies of monocytes adhering to the cover-slip in hanging drop cultures. They flattened out on the glass in a more or less circular form ( Figs. 1 and 2) , presenting a very different appearance than they do as they migrate through a fibrin coagulum (Fig. 4) .
The small monocytes were gradually transformed into macrophages, as always occurs in cultures of these cells when they are well fed. Some giant cells were formed, as has also been reported by Lewis and Lewis, ~ and de Haan. 8 Smaller monocytes adhered to these giant cells and appeared to be sucked into them, or to unite with them, just as Lewis 2 has described. In these experiments, however, the number of giant cells was very small in comparison with the number of normal macrophages.
The cells continued to proliferate throughout the entire period of cultivation. In less than a month, the whole surface of the flask was covered with them. To test their continued ability to proliferate, the cells on one-half of the surface of the flask were scraped off with a platinum spatula. These, together with the medium, were transferred to another flask. New medium was then added to both flasks, and cultivation continued. The cells that had been suspended in the fluid soon adhered to the surface of the new flask and continued to proliferate. In 2 to 3 weeks, the entire surface of this flask was covered with cells. The monocytes in the original flask also increased in number so that the half of the flask that had been freed from cells was again covered with them in a short time. In order to continue their cultivation, large areas of cells were removed from the flask every few days. Otherwise, too great a decrease in the pH value of the medium or exhaustion of its food constituents would have occurred.
SubcuItivation of Cells Suspended in the Fluid
Though the great majority of monocytes adhered firmly to the glass, a few of them were usually to be found in the fluid when it was removed. That these cells were alive and in good condition was shown by cultivating them again in a coagulum. The fluid was centrifuged and the few ceils it contained were taken up in a drop of plasma containing some embryonic juice. This was transferred to a new flask and allowed to coagulate. Enough dilute plasma was then added to cover the rest of the surface of the flask, and the pH was brought down immediately to 7.2 with carbon dioxide. Mter a few days, the ceils migrated into the outer coagulum. Fig. 4 shows cells cultivated in this way after 12 days' sojourn in fluid medium.
DISCUSSION
In the experiments described in this paper, it has been shown that monocytes can be cultivated in pure strain in a fluid medium. Serum diluted with Tyrode solution supplied all the necessary food material. At the end of 2 months' cultivation, the cells were still in excellent condition, multiplying rapidly, and giving every indication that they would continue to proliferate indefinitely under the same conditions. Cultivation in dilute serum without a coagulum was made possible by immediately reducing the pH of the medium to 7.4 or 7.2, and not allowing it to fall below 7.0 or 6.8 during incubation. Monocytes embedded in a coagulum at a higher pH value survive only because their combined metabolism lowers the pH around them to this value or a lower one. The cells die in a fluid in which it is not possible for them to lower the pH to a sufficient extent. It seems probable that the monocytes cultivated in the hanging drop cultures of Lewis and Lewis ~ lived because the conditions of those experiments either did not permit so much loss of COs from the medium as takes place in the Carrel flasks, or because the number of cells present was great enough to reduce the pH of the single drop of medium to a value that permitted their survival. De Haan 3 does not lay very great stress on the hydrogen ion concentration required for cultivation of monocytes in his flowing medium. In some experiments, he saturated the fluid with 7 per cent COs. In others, the original pH value of the medium was 8.0.
He states, however, that the pH in the chambers containing the cells varied from 7.2 to 6.8. This agrees well with the present experiments. Even if the original pH was 8.0, a large number of cells in a small chamber could reduce it to 7.2, especially if it were not well buffered. Cultivation in Carrel flasks at higher pH values than those used in these experiments might be successful, if enough cells were present to lower the pH quickly, or if the medium had a smaller buffer value. In this case, new serum would have to be supplied more often.
In the first days of cultivation, the monocytes undoubtedly fed to some extent on the other cells present. However, cultivation was continued so long after the lymphocytes and polymorphonuclear leucocytes disappeared that it was evident that these other cells are not needed for food if fresh serum is supplied fairly often. Moreover, monocytes transferred to a new flask, after a pure strain had been obtained, continued to proliferate in serum without any other food material.
No attempt has been made as yet to cultivate isolated or even a very small number of cells under these conditions. It is quite possible that single cells would require still different conditions from those described here.
SUMMARY
Monocytes from blood and from spleen have been cultivated in fluid medium in Carrel flasks for over 2 months. Diluted serum supplied all the essential nutritive substances. Cultivation in fluid was made possible by adjusting the initial pH of the fluid to 7.4, and not allowing it to fall below 7.0 or 6.8. The cells remained in good condition when the pH was adjusted with either lactic acid, hydrochloric acid, or carbon dioxide. Adjustment with carbon dioxide was found to be more convenient and also more practical, since it does not destroy the buffer action of the medium. After 2 months of cultivation, the monocytes were in excellent condition and still proliferated actively. They gave every indication that indefinite multiplication could be maintained under the conditions of these experiments. It is hoped that this method of cultivation, with some modifications, will prove useful in studying the metabolism of these cells. 
